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Small GTPases regulate a wide range of homeostatic processes 
such as cytoskeletal dynamics, organelle homeostasis, cell 
migration and vesicle trafficking, as well as in pathologic 
conditions such as carcinogenesis and metastatic spreading. 
Therefore, it is important to understand the regulation of 
small GTPase signaling, but this is complicated by the fact that 
crosstalk exists between different GTPase families and that we 
have to understand howthey signal intimeandspace.TheGolgi 
apparatus represents a hub for several signaling molecules 
and its importance in this field is constantly increasing. In this 
review, we will discuss small GTPases signaling at the Golgi 
apparatus. Then, we will highlight recent work that contributed 
to a better understanding of crosstalk between different small 
GTPase families, with a special emphasis on their crosstalk at 
the Golgi apparatus. Finally, we will give a brief overview of 
available methods and tools to investigate spatio-temporal 
small GTPase crosstalk. 



Introduction: Small GTPases 
and the Golgi Apparatus 

Small GTPases are a family of GTP-binding proteins with a 
molecular weight in the range of ^21 kDa (hence their desig- 
nation as small). Small GTPases are involved in many different 
cellular processes relevant for several homeostatic, developmental 
and pathologic conditions. They are used by the cell to regulate 
protein synthesis, to transduce signals from the plasma mem- 
brane in response to external stimuli, to regulate the cytoskel- 
eton, to regulate trafficking of proteins and ligands, as well as 
many other processes. Small GTPases cycle between an inactive 
(GDP-bound) and an active (GTP-bound) state. Activation of 
the GTPase is mediated via a guanine-nucleotide exchange fac- 
tor (GEF) and inactivation is mediated by a GTPase-activating 
protein (GAP). In this current review we will focus on four of the 
major families of small GTPases; namely, Ras, Rho, Rab and Arf, 
and their roles at the Golgi apparatus. 

The Golgi apparatus is a membrane-bound organelle com- 
posed of stacks of flattened cisternae located in close proximity 
to the centrosome in the juxtanuclear region of mammalian cells. 
This organization is specific to mammalian cells. The Golgi is 
best known for its roles in post-translational modification 
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(e.g., glycosylation) and sorting of proteins. 1 However, the Golgi 
is increasingly viewed as hub for cellular signaling molecules, and 
by spatially organizing signaling pathways the Golgi contributes 
to the biological outcome of signal transduction. 2 In this review, 
we will give an overview on what is known about signaling of 
the above mentioned GTPases and their regulators (GEFs and 
GAPs) to and from the Golgi and then we will discuss evidence 
for crosstalk between different GTPase families occurring at the 
Golgi. Considering the enormity of the field, this review does not 
intend to give a detailed description of a certain type of GTPase 
or on its crosstalk with other GTPases. The aim here is to give a 
broad overview over the extent of crosstalk that small GTPases 
exert at the Golgi. Furthermore, we will also give a short descrip- 
tion of methods that are used to study spatiotemporal signaling 
of small GTPases. A schematic of some of the crosstalk routes is 
shown in Figure 1 and key crosstalk routs are listed in Table 1. 

Ras GTPases. Ras GTPases regulate various aspects of cell 
biology like cell proliferation, apoptosis, senescence and differ- 
entiation. One of the core signaling pathways activated by Ras 
is the Raf-MEK-ERK mitogen-activated protein kinase cascade 
(MAPK cascade) by which Ras is able to signal to targets in the 
cytosol as well as in the nucleus. In mammals, there are three 
genes for Ras: K-Ras, H-Ras and N-Ras, which all become farne- 
sylated at their C-terminal CAAX motif, an event that occurs at 
the cytosolic face of the endoplasmic reticulum, allowing their 
targeting to various membranes. N-Ras and H-Ras are further 
palmitoylated at the Golgi and this mediates their association 
with the inner leaflet of the plasma membrane. K-Ras uses a 
poly-lysine region for plasma membrane targeting. 3 ' 4 H-Ras and 
N-Ras cycle between the Golgi and the plasma membrane and 
this cycling is regulated by a depalmitoylation-repalmitoylation 
process. 5 While palmitoylation occurs mainly at the Golgi, 
depalmitoylation was shown to occur virtually everywhere in 
the cell. 5 ' 6 When a Ras protein loses its palmitoyl moiety, it goes 
unspecifically to all endomembranes because the farnesyl group 
mediates a weak affinity to cellular membranes. Because palmi- 
toylation occurs only at the Golgi, Ras is kinetically trapped, 
which explains why a significant pool of Ras has been observed at 
the Golgi apparatus in several studies. 5 ' 6 

Over a decade ago, Ras was shown not only to localize, but 
also to signal from endomembranes. 7 The biologic response elic- 
ited by Ras was dependent on the cellular location from where 
the Ras signal was initiated. 7 ' 8 The fact that Ras may signal from 
endomembranes was met with such excitement that it was consid- 
ered equal to "life on Mars". 9 However, it also provoked questions 
on the molecular determinants that regulate Ras activation on 
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Figure 1. Schematic of some of the crosstalk routs described in this review. 



Table 1. Main crosstalk routes described in this review 



Families 
involved in the 
interaction 

Ras-Rho 



Arf-Rho 



Arf-Rab 



Rho-Rab 



Direction and quality of interaction Ref. 



Ras-+Cdc42^transformation 52 

Ras^Cdc42^PAK4^transformation 53 
RasGRF-l Cdc42 

\ 54 
Ras 

Racl ^PLCyl ^RasGRPI ^Ras 58 

Arf->COPI 20, 21 
Cdc42^ 

Arfl ^Racl -*TGN carrier formation 61 
ARAP1-I Arfl 29 

\ 
Cdc42 

Arf1-»ARHGAP21-I Cdc42 27 

Rab1b->GBF1->Arf1 78 

Rab11-.Rab8-.TGN to cilia transport 83, 84 
Arf4^ 

Rho^mDia^Rab6^retrograde transport 88 



the Golgi, or in other words, are there GEFs that are specifically 
responsible for activation of Ras on the Golgi? The main known 
Ras-GEFs are the Son Of Sevenless proteins (Sosl and Sos2), 
the Ras guanosine nucleotide releasing factors (GRFs) and Ras 
guanosine nucleotide releasing proteins (GRPs). All these GEFs 
have a common Cdc25 domain, which is responsible for the GDP 
to GTP exchange in Ras GTPases. In addition to the Cdc25 
domain, Sos and GRF have a DH-domain (Dbl-Homology 
domain), that is typically found in GEFs activating Rho family 
GTPases. As we will discuss below, Sos and RasGRF are capable 
of mediating crosstalk between Ras and Rho GTPases due to the 
fact that they have both types of GEF domains. 

The description of Ras signaling from endomembranes raised 
new questions that now need to be taken into account when 
studying endomembrane signaling of any small GTPase. We will 
frame two questions here, the answer to which is, in our opinion, 
crucial when studying spatial signaling of small GTPases. 

(1) Is there a GEF, a GAP or any kind of anchor on the 
examined cellular compartment capable of modulating small 
GTPase signaling? In fact, if there is nothing to module GTPase 
activity on a specific cellular compartment, then it is likely that 



www.landesbioscience.com 



Small GTPases 



81 



any detectable signaling cascade taking place there is only an 
echo originating from another cellular compartment. Answering 
this question provides sufficient grounds to state that a certain 
GTPase is signaling from a specific cellular location. After this 
question is answered, the following question becomes important: 

(2) Is endomembrane-originated signaling associated with 
any specific biological response? 

As will become evident from what we highlight below, these 
two questions are partially answered for Ras signaling at the 
Golgi. In lymphocytes, activation of Ras on the Golgi is medi- 
ated by RasGRPl. 10 In a study by Caloca et al. 11 Ras at the Golgi 
was only activated by RasGRPl, contrary to Ras at the plasma 
membrane or on the endoplasmic reticulum, which was also 
activated by other GEFs. 11 Other factors that contribute to the 
specificity of Ras signaling at the Golgi are scaffold proteins that 
regulate the Raf-MEK-ERK cascade that signals downstream of 
Ras. This was investigated using Ras constructs that were arti- 
ficially hooked to different subcellular locations and revealed 
that, depending on the origin of Ras signaling, different scaf- 
folds were utilized by the Raf-MEK-ERK cascade. This dif- 
ferential scaffold use was then linked to differential signaling 
of Ras to cytosolic and nuclear targets. 12 Despite the apparent 
richness of evidence for Ras signaling at the Golgi, this fact is 
not beyond doubt. A recent study used fluorescent sensors to 
monitor the spatio-temporal activity of Ras in MDCK cells. 13 
While activation of Ras at the plasma membrane was quick 
and transient, the activity at the Golgi was slightly delayed and 
sustained. Using a combination of live imaging and modeling, 
the authors concluded that the Golgi does not contain appre- 
ciable amounts of GEFs and GAPs for Ras. Therefore, it was 
concluded that the active pool of Ras at the Golgi is an "echo" 
of Ras that is activated at the plasma membrane and the endo- 
plasmic reticulum. 13 However, the latter finding does not fit 
well with the finding that Ras-GEFs (e.g., RasGRPl) have been 
found at the Golgi. It could well be that this is simply due to 
the usage of different cells lines, but this has to be resolved in 
future studies. Therefore, despite some controversy, the question 
whether regulators of GTPase activity are present at the Golgi is 
at least partially answered. 

The next question is whether there is a site specific action of 
Ras. A striking example of the biological effect deriving from 
Ras signaling at the Golgi was provided by Daniels et al. They 
generated OVA peptide variants with different affinities to the 
T-cell receptor and studied the ability of those ligands to induce 
positive or negative selection of thymic lymphocytes. Positive 
selectors resulted in a substantial increase in the number of CD8 
single positive cells, whereas negative selectors did not. In cells 
treated with negative selectors, the Ras GEF, RasGRPl, Ras and 
its effector Rafl were recruited on the plasma membrane. On the 
other hand, positive selectors led to a colocalization of these pro- 
teins at the Golgi. The ERK response elicited by positive selec- 
tors (i.e., that originating from the Golgi) was more sustained 
compared with the ERK response elicited by negative selectors 
(i.e., that originating from the plasma membrane). This differ- 
ence in kinetics could be due to the fact that the milieu at the 
plasma membrane imposes a more stringent negative regulation 



on Ras than the Golgi. The final result of this study is that the 
origin of the ERK cascade determines the selection outcome of 
T-lymphocy tes . 14 

Because the two questions we framed above seem to be at least 
partially answered, it appears that the Golgi is a bona fide site for 
Ras signaling. Nevertheless, there still is some controversy and 
the search for biological functions that this pool of Ras may exert 
is an active field of research. While the two questions are partially 
answered for Ras, this is not the case for another family of small 
GTPases, which we will highlight in the next section. 

Rho GTPases. Rho GTPases are a family of small G-proteins 
composed of over 20 members that function as key regulators 
of the cytoskeleton, thereby modulating cell migration, neurite 
growth, vesicle trafficking and cytokinesis. 15 The three main 
groups within the Rho family are Rho, Rac and Cdc42. In addi- 
tion, to their large number, Rho family GTPases have more than 
60 different GEFs and at least 70 GAPs, thus indicating the wide 
range of potential actions they may exert. In addition to GEFs 
and GAPs, there are three classes of RhoGDIs (Rho guanine- 
nucleotide dissociation inhibitors) that act as negative regulators 
of Rho GTPases. When a Rho GTPase is in its inactive (GDP- 
bound) state, it is bound to a GDI that acts as a chaperone, pre- 
venting premature uncontrolled activation of the GTPase. 16 The 
GDI-bound pool is thought to account for at least 95% of the 
total pool of Rho family proteins. 1718 

Rho GTPases, and in particular Cdc42, have been shown 
to play an active role at the Golgi. Cdc42 was shown to local- 
ize to the Golgi, 19 and by interaction with the 7COP subunit of 
the coatomer, 20 regulates transport between the Golgi and the 
endoplasmic reticulum. This very likely involved active Cdc42 
signaling as the effect of Cdc42 on Golgi-to-ER transport was 
dependent on the Cdc42 effector N-WASP. 21 In order to elucidate 
the spatio-temporal dynamics of Rho GTPase signaling, consid- 
erable effort was invested into the development of fluorescent sen- 
sors that report the subcellular location where the Rho GTPase is 
active. 18,22 ' 23 These sensors are mostly based on fluorescence reso- 
nance energy transfer (FRET; see later). Using different kinds 
of probes, Cdc42 was shown to be active at the Golgi. 24 ' 25 An 
open question (as in the case of Ras) is whether the active Cdc42 
observed at the Golgi is the result of local activation. In support 
of this, the Golgi protein GM130 was shown to interact with 
Tuba, a Cdc42 GEF. 26 Knockdown of GM130 reduced the levels 
of active Cdc42, thus providing the first evidence that Cdc42 
might be activated locally at the Golgi. 26 However, the pool of 
Tuba at the Golgi was very faint and other studies (including our 
unpublished observations) indicate other subcellular locations for 
Tuba than the Golgi. Therefore, more work is needed to finally 
elucidate whether Golgi membranes provide the environment for 
local activation of Cdc42. The Golgi is well known for its active 
role in cell migration. Whether the Golgi plays a primary role in 
cell migration, i.e., whether the Golgi is sufficient to induce cell 
migration, remains unclear. As Cdc42 is a master regulator of 
cell migration, a Golgi-based activation cascade for Cdc42 would 
further support the primary role of this organelle in directional 
cell motility. 
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Coming back to the two key questions related to spatial sig- 
naling of small GTPases (see above), we find that although some 
Rho GEFs and GAPs have been found at the Golgi, 2729 their 
presence has not always been linked directly to signaling of any 
Rho family GTPases member at this cellular location. Thus, we 
do not know whether the Golgi provides the environment for 
modulation of Rho GTPase signaling. Furthermore, whether 
Golgi-localized Rho GTPases exert any specific cellular func- 
tion has never been investigated. This research area is currently 
heavily investigated and we expect that future results will help to 
provide answers to yet unresolved questions. 

ARF GTPases. The ADP-ribosylation factor (Arf) family is a 
group of G proteins implicated in the control of membrane traffic 
and organelle architecture. In mammals, there are six Arfs (num- 
bered from 1-6), divided into three classes: class I, composed of 
Arf 1 and 3, class II, composed of Arf 4 and 5, and class III, com- 
posed only of Arf6, the most divergent protein of this group. 30 In 
humans, Arf2 is identical to Arf4. The Arf family also includes 
Sari and more than 20 Arf-like proteins (ARLs). 

Arf GTPases contribute to the structural integrity of the 
Golgi, which is most evident when cells are treated with the fun- 
gal metabolite brefeldin A (BFA), which inhibits Arf GEFs, by 
binding to their Sec7 domain. Treatment with BFA leads to a 
rapid disassembly of the Golgi and its fusion with the ERGIC 
and the ER. 31 ' 32 At least three members, namely Arfl, Arf4 and 
Arf5 have been shown to regulate budding of COPI vesicles, 33 
which are the major carriers mediating Golgi-to-ER trafficking. 
Arf family GTPases seem to exert their function cooperatively, 
as knockdown of a single Arf isoform has little or no appreciable 
effect. Depletion of Arfl and Arf4 was shown to regulate the 
integrity of the Golgi and the ERGIC and to regulate traffick- 
ing from pre-Golgi compartments. 34 ' 35 Arf GTPases also have 
well appreciated roles in endocytosis, with Arf6 being the best 
characterized among endocytic Arf family members that exerts 
its biological role mainly in the endocytic pathway and has little 
direct roles on the Golgi. 36 

Arls arose early in the evolution and are functionally related 
to Arfs. Some Arl GTPases (like Aril) regulate the recruitment 
of GRIP-domain Golgins to the TGN and mediate TGN local- 
ization of Arf interacting proteins like Arfaptins that regulate 
formation of tubules and vesicles from the TGN. Other Arls, 
like Arl2, regulate assembly of microtubules at the centrosome 
and therefore contribute to Golgi positioning. 37 Several Arls are 
necessary for intraflagellar transport and ciliogenesis. 37-39 Other 
Arls are involved in maintaining Golgi structure, like Arl3 which 
localizes to the Golgi, its knockdown leads to strong fragmenta- 
tion of this organelle. 37 

Rab GTPases. Rab GTPases are the largest family of Ras- 
related proteins, with 11 components in yeast and at least 60 in 
mammals. The various members of the Rab GTPase family play a 
key role in regulating membrane trafficking at different locations 
of the endomembrane system. While Arf GTPases control vesicle 
biogenesis, Rab GTPases are important for directed carrier move- 
ment and tethering at the target membrane. 40 TRAPP-I, a mul- 
tiprotein complex that functions as a GEF for Rabl, is involved 
in tethering and homotypic fusion of COPII vesicles and thereby 



regulates cargo transport between ER and Golgi. 41 Besides being 
so numerous, Rab GTPases have an equally large set of regula- 
tors (GEFs and GAPs). In order to elucidate which of the 60 
Rabs function at the Golgi, Haas et al. screened 38 Rab-GAP 
proteins for their effect on Golgi morphology. Overexpression of 
two GAPs, RN-tre and TBC1D20, was found to disrupt both 
the Golgi and protein transport. 42 RN-tre is a GAP for Rab43 
and regulates endosome-to-Golgi transport. TBC1D20 is a GAP 
for Rabl and regulates transport from the ER to the Golgi. The 
functional significance of this finding was later underscored by 
the observation that disruption of the Golgi with RN-tre and 
TBC1D20 inhibited secondary envelopment of herpes simplex 
virus 1 and thereby inhibited viral production. 43 Another Rab 
isoform that is important at the Golgi is Rab6, which regulates 
retrograde (Golgi-to-ER) transport in a COPI-independent man- 
ner. 44 Rab6 localizes mainly to the TGN and this specific local- 
ization requires Rab33. 45 ' 46 Other Rabs that have been shown 
to act at the Golgi are Rab34 that controls intra-Golgi protein 
transport, 47 Rabl 3 that controls trafficking between the TGN 
and the endocytic pathway 48 and Rab8, which controls exit from 
the TGN toward lysosomes. 49 Overall, the above-mentioned 
Rabs, but also others, are important regulators of the functional 
organization of the Golgi. 

Crosstalk on the Golgi between Small GTPases 

Crosstalk between Ras family and Rho family GTPases. As 

mentioned above, Ras has its main role in the control of cell 
proliferation and differentiation. Rho GTPases seem to be 
more prominently involved in regulating cell migration and cell 
shape. 15 Thus, it is conceivable that cell fate decisions are con- 
trolled by a balance between these two families. For instance, 
PC 12 cells may (depending on stimulus) either maintain a pro- 
liferative state, where they exhibit a round morphology, or they 
may cease proliferation to differentiate into a neuron-like mor- 
phology. 50 Therefore, crosstalk between Ras and Rho GTPases 
appears self-evident and necessary. 

Evidence for such a crosstalk came from a work performed 
in yeast. Using two different mutants of Rasl (the only Ras 
form present in yeast), it was shown that a plasma membrane 
restricted Rasl supported mating via the Byr2 MAPK pathway, 
while an endomembrane restricted Rasl did not. 51 However, 
Rasl restricted to endomembranes supported elongated cell 
morphology by activating Cdc42, an effect not observed with 
plasma membrane Rasl. 51 This example nicely illustrates cross- 
talk between Ras and Cdc42 in a manner dependent on a specific 
spatial location of Ras. This work was later extended to mamma- 
lian cells, where it was shown that efficient transformation by Ras 
requires interaction of Ras and Cdc42 at endomembranes. 52 This 
interaction did occur on endosomes, and not on the Golgi, but 
it nevertheless tempts to speculate on the possibility of a physical 
and/or functional interaction of Cdc42 and Ras at the Golgi. 
Such an assumption seems safe when taking an earlier observa- 
tion into account where it was shown that Cdc42 not only is 
present at the Golgi, but also actively signals at this location as 
it activated its effector protein PAK4 at the Golgi. 53 Active PAK4 
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was important for Ras-mediated transformation, thus implying 
a functional crosstalk between Cdc42 and Ras signaling at the 
Golgi. 53 Because of the relevance of this crosstalk for cell transfor- 
mation, it appears worthwhile to test whether this crosstalk plays 
a role in cancer specimens. Overall, these papers place Cdc42 
downstream of Ras signaling (Table 1). Recently, RasGRF was 
proposed to act as a physical link that mediates crosstalk between 
Ras and Cdc42. 54 There, RasGRF was shown to bind both 
Cdc42 and Ras. However, while RasGRF functions as a GEF for 
Ras, it is unable to activate Cdc42. Accordingly, knockdown of 
RasGRF2 was shown to induce Cdc42 activity. 55 The inhibitory 
effect of RasGRF on Cdc42 translated into an inhibition of cell 
migration and invasion. However, it remains to be determined 
how RasGRF balances its activities toward Ras and Cdc42. In 
addition, no information about the subcellular location was pro- 
vided. Because there is evidence for localization of RasGRF at 
endomembranes, we may speculate that the RasGRF-mediated 
crosstalk between Ras and Cdc42 might occur (at least partially) 
on the Golgi. Thus, while the above-mentioned studies placed 
Ras upstream of Cdc42, this study places them at the same level 
and inversely controlled by RasGRF. 

Crosstalk was also demonstrated between Ras and Rac. The 
Rac effector PAK was shown to activate Raf and MEK1, both 
downstream targets of Ras. 56 Ras was also shown to bind to and 
positively modulate Tiaml, a GEF for Rac. 57 So, in general, Rac 
was placed downstream of Ras, which is analogous to Cdc42. 
However, unlike with Cdc42, no information is available on the 
spatial organization of the Ras-Rac crosstalk. In one study, not 
only an inverted hierarchy of Ras-Rac crosstalk was found, but 
also some evidence pointing to an involvement of the Golgi. In T 
lymphocytes, Rac appeared to increase the activity of phsopho- 
lipase-gamml, which in turn led to formation of diacylglycerol 
and the activation of the Ras GEF, RasGRPl, 58 and thus Ras was 
downstream of Rac. As mentioned above, RasGRPl was shown 
to mediate Golgi-based activation of Ras in T lymphocytes, 58 and 
therefore, it appears likely that this crosstalk takes place at the 
Golgi. 

Crosstalk between Arf family and Rho family GTPases. 

Golgi architecture is controlled by Arf GTPases. On the other 
hand, positioning of the Golgi is dependent on the cytoskeleton, 
which is controlled by Rho GTPases. Based on these two facts, 
it appears likely that the Golgi is controlled by crosstalk between 
Arf and Rho family GTPases appears. Crosstalk between these 
two families also appears to occur at the level of carrier forma- 
tion at both the cis- and the trans-face of the Golgi. Formation 
of COPI vesicles on the cis-side of the Golgi was shown to be 
dependent on Arf family GTPases, namely Arf 1, Arf4 and Arf5. 33 
However, Cdc42 was reported to interact with the coatomer sub- 
unit 7COP and to itself control retrograde Golgi-to-ER trans- 
port. 20 ' 21 Therefore, Arf GTPases and Cdc42 seem to cooperate 
at the level of COPI vesicle trafficking. Also, with regard to car- 
rier formation at the TGN, there seems to be crosstalk between 
Arf and Rho family GTPases. In mammalian cells, trafficking of 
specific cargoes (like the mannose-6-phosphate receptors) from 
the TGN is dependent on clathrin and the AP-1 adaptor. 59 Also, 
actin dynamics were shown to control this trafficking step. 60 



Anitei et al. showed that Arfl recruits a complex, composed of 
clathrin heavy chain, the adaptor protein AP-1, CYFIP (cyto- 
plasmic fragile-X mental retardation interacting protein), NAP1 
and Abil. 61 This Arfl-dependent multi-protein complex serves 
as a platform for the recruitment of Racl and its GEF protein, 
(3-PIX, leading to N-WASP mediated actin polymerization. 61 
This facilitates formation of tubules that will give rise to car- 
riers that mediate export of cargo from the TGN. Thus, Racl 
functions downstream of Arfl during formation of TGN carriers 
(Table 1). 

ArfGAPl was the first GAP identified for an Arf GTPase and 
it was shown to localize to the Golgi. 62 Besides promoting GTP 
hydrolysis in Arfl, it has been implicated in the regulation of 
COPI vesicle biogenesis and in protein transport from the ER 
to the cell surface. 63,64 When a truncation mutant of ArfGAPl 
(lacking the N-terminal 141 amino acids) was expressed, cells dis- 
played impaired flattening and spreading, suggesting a defect in 
the actin cytoskeleton. 65 Mechanistically, this truncated mutant 
of ArfGAPl, suppressed the activity of Racl and thereby exerted 
its negative effect on actin nucleation, which translated into an 
inhibition of cell migration. 65 Thus, ArfGAPl could principally 
mediate crosstalk between Arfl and Racl and thereby regulate 
actin polymerization. A potential role for Arfl in actin biogen- 
esis appears likely as Arfl stimulates the production of PI (4,5) 
P2, a lipid that is known to stimulate actin nucleation. This 
study based its conclusion primarily on overexpression of a trun- 
cated mutant of ArfGAPl. Therefore, more experiments under 
more physiological conditions are needed to test whether such a 
crosstalk is physiologically relevant. This could, for instance, be 
achieved by monitoring Racl activity at the Golgi using FRET 
reporter probes (see later) and by testing whether ArfGAPl has 
any effect on local Racl activity. 

ARAP1 is another Arf- GAP protein that was shown to medi- 
ate crosstalk between Arf and Rho family GTPases. 66 Endogenous 
ARAP1 localized to the Golgi apparatus and displayed GAP 
activity not only toward Arfl and Arf5, but also toward Rho and 
Cdc42. 66 The GAP activity toward Arfl and Arf5 was dependent 
on phosphatidylinositol- (3,4,5) -trisphosphate. Overexpression of 
ARAP1 disrupted Golgi morphology, most likely due to its nega- 
tive effect on Arfl. Interestingly, despite the fact that ARAP1 had 
a GAP activity toward Rho GTPases, its overexpression resulted 
in elevated Cdc42 activity, which was associated with the mor- 
phological changes in the actin cytoskeleton. 66 Thus, ARAP1 
forms an intersection point for signaling pathways regulating 
membrane remodeling and actin. An important point that needs 
to be addressed here is whether the effect of ARAP1 on Arf is 
causally linked to its effect on Rho and Cdc42 and vice versa. 
In addition, it remains to be determined whether the effects of 
ARAP1 on Cdc42 take place at the Golgi. This appears likely, 
because AR API itself localizes to the Golgi and its overexpression 
leads to formation of plasma membrane blebs that contain Golgi 
markers. 66 Nevertheless, this point has to be formally proven and 
could be addressed using the FRET reporter probes for Cdc42. 

A further, more direct example for a crosstalk between Arf 1 and 
Cdc42 at the Golgi is represented by the finding that the Cdc42 
GAP protein, ARHGAP21 (also referred to as ARHGAP10), 
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is recruited to the Golgi in a manner dependent on Arfl. 27 At 
the Golgi, ARHGAP21 regulates Cdc42 activity and thereby 
the Arp2/3 complex and actin dynamics. The control of actin 
dynamics implies that ARHGAP21 has a role in cell migration, 
which was later shown to be the case. 67 Thus, ARHGAP21 rep- 
resents an example how Arfl would directly recruit a regulator of 
Cdc42 to the Golgi. 

Finally, we will discuss a very recent work that strongly sug- 
gests that crosstalk between Arf GTPases and Rac2 might exist 
at the Golgi and although it is speculative, we think that it mer- 
its being discussed here. PLD2 (phospholipase D2), which was 
shown to be located on endomembranes in a juxtanuclear region, 
was shown to act as a GEF for Rac2. 28 PLD2 is the first phos- 
pholipase shown to act as a GEF, but its specificity toward differ- 
ent Rho GTPases has not yet been tested. 28 PLD isoforms were 
shown to be activated by different Arf family members 68 and in 
particular Arf4 was shown to activate PLD2 in response to mito- 
genic stimulation. 69 Arf4 localizes to the Golgi and is involved in 
COPI vesicle production 33 ' 35 and therefore PLD2 might represent 
a molecule that mediates crosstalk between Arf4 and Rac2. The 
question arises now of whether Arf4 controls Golgi localization 
of PLD2 and by this might control Rac2 signaling at the Golgi. 
Whether this is the case, and what the potential functional impli- 
cations of such a crosstalk mean, remain to be determined. Of 
note, is that PLD2 controls the Golgi localization of the adaptor 
protein Grb2, together with Sos and Ras, in response to EGF 
stimulation. 70 Therefore, PLD2 might represent a molecular 
switchboard that links signaling of three different small GTPases 
at the Golgi (namely Ras, Cdc42 and Arf4). Further work is 
required to elucidate this exciting possibility. 

Crosstalk between Arf family and Ras family GTPases. 
As mentioned above, the Golgi seems to represent a bona fide 
site for Ras signaling, and many functions of this organelle are 
controlled by Arf GTPases. Nevertheless, evidence for crosstalk 
between these two families is sparse. Mor et al. showed that 
recruitment of RasGRPl to specific cellular locations was depen- 
dent on PLD and its ability to produce phosphatidic acid, which 
in turn is converted to diacylglycerol, which activates RasGRPl. 
Inhibition of PLD resulted in the inhibition of Ras at the plasma 
membrane and at the Golgi. 71 As already mentioned above, PLD 
can be activated by several Arf 58 ' 69 and Rho GTPases. 68 Thus, we 
may speculate that Arfs recruit and activate PLD at the Golgi, 
which leads to recruitment of RasGRPl and Ras activation. In 
agreement with this, it was recently shown that depletion of Arfl 
attenuates ERK activation by adrenergic signaling. 72 This could 
at least partially be due to altered recruitment of RasGRPl to the 
Golgi, which reduces Ras signaling to ERK. 

There is also more evidence for crosstalk between Arf and Ras 
families. A protein called PDE8 (phosphodiesterase-6delta) was 
shown to act as a solubilizing factor for prenylated proteins of the 
Ras superfamily. 73 PDE8 was earlier shown to interact with Arl2 
and Arl3 in a GTP-dependent manner. 74 Later, it was shown that 
interaction of GTP-loaded Arl2 and Arl3 is capable of releasing 
farnesylated cargo from PDE8. 73 Another study then showed that 
PDE8 binds and solubilizes farnesylated Ras and enhances their 
diffusion in the cytoplasm. 75 The same work showed that this 



enhances kinetic trapping of depalmitoylated Ras at the Golgi. 75 
Altogether, Arl2 and Arl3 seem to control Ras subcellular traf- 
ficking and therefore act as upstream factors regulating Ras sig- 
naling. Thus, although the evidence for crosstalk between the 
Arf and Ras family is sparse, the available data place Ras down- 
stream of Arf family GTPases. 

Crosstalk between Arf family and Rab family GTPases. 
The Arf and Rab family of GTPases are mainly involved in the 
generation, transport, tethering and fusion of vesicles, as well 
as in the maintenance of organelle structure. Therefore, it is 
not surprising to find that crosstalk between these GTPases is 
involved in the control of vesicular transport at various stages 
of the secretory pathway. This was noted when Alvarez et al. 
expressed an inactive mutant of Rablb which led to disassembly 
of the Golgi. Because a constitutively active mutant of Rablb 
protected the Golgi against brefeldin A, it was suggested that 
Rablb was involved in Arfl -dependent COPI recruitment to 
the Golgi. 76 Later, this was further shown to be mediated by an 
interaction between Rabl and GBF1, a GEF protein for Arfl. 77 
When Rablb was depleted using siRNA, the recruitment of 
GBF1 to the Golgi was impaired. A more recent work uncovered 
the mechanistic details of Rablb-dependent GBF1 recruitment 
to the Golgi. There, it was observed that expression of a consti- 
tutive active mutant of Rablb increased the levels of PI4P at the 
Golgi and that the presence of this lipid is required for recruit- 
ment of GBF1. 78 A model was proposed where Rablb leads to 
activation of PI4KIIIa, which leads to synthesis of PI4P and 
in consequence the recruitment of GBF1. 78 Future work will be 
needed to determine how Rablb activates PI4KIIIa. Altogether, 
Arfl functions downstream of Rablb in the control of Golgi 
structure and trafficking events at and to the cis-Golgi. 

Crosstalk between Rab and Arf GTPases also occurs at the 
trans-Golgi. Rab6 and Aril were proposed to cooperate in the 
recruitment of the large coiled-coil protein GCC185 to the 
TGN. 79 GCC185 is required for the Rab9-dependent transport 
of mannose-6-phosphate from late endosomes to the TGN. 80 ' 81 
Thus, the golgin, GCC185, appears to be an effector of two small 
GTPases that act in concert to control endosome-to-Golgi trans- 
port. While this appears appealing, the model is mainly based 
on in vitro interactions. Moreover, another paper claimed that 
endogenous GCC185 localizes normally in cells where Rab6 
and Aril were depleted using siRNA. 82 This work casts doubt 
on the relevance of the previous finding. However, it has to be 
stressed that siRNA-mediated depletion is a knock-down and 
not a knockout of the protein of interest. Thus, it could be that 
the remaining levels of Rab6 and Aril are sufficient to control 
the localization of GCC185. More work is needed to resolve this 
issue. 

Crosstalk between Rab and Arf family GTPases at the TGN 
also exists in the context of ciliary transport. Arf4 and Rabll 
were shown to form a ternary complex with the effector protein 
FIP3 and the Arf GAP protein, ASAP1. 83 This complex was 
shown to mediate targeting of rhodopsin to cilia. Interestingly, 
Rabll was required for recruitment of Rabin8, a GEF for Rab8, 
to the TGN. 84 Taken together, a working model may be pro- 
posed where Rabll and Arf4 act in concert to recruit and activate 
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Rab8, which in turn control the trafficking of TGN carriers to 
cilia membrane. 

Crosstalk between Rho family and Rab family GTPases. 
Positioning as well as structural integrity of the Golgi are 
dependent on microtubules (MTs). This becomes evident when 
cells are treated with the MT-depolymerizing drug nocodazole, 
which leads to fragmentation of the Golgi into several minis- 
tacks. 85 Removal of the drug leads to rapid recovery of the Golgi 
in a biphasic process. 86 In contrast to MTs, the role of actin at 
the Golgi is less clear, but recent work showed that the Golgi 
protein GOLPH3 interacts with MY018A (an unconventional 
myosin), thus linking the Golgi to the actin cytoskeleton. 87 
Zilberman et al. studied the effect of Rho activation on Golgi 
morphology. Expression of active Rho, or its pharmacological 
activation, led to dispersion of the Golgi. This effect was depen- 
dent on Rho-mediated activation of mDial and was accompa- 
nied by formation of F-actin patches at the Golgi. 88 Another 
important observation was that activation of the Rho-mDial 
pathway enhanced the formation of Golgi-derived Rab6- 
positive vesicles, which were found to transiently become posi- 
tive for mDial. 88 This work implicates crosstalk between Rho 
and Rab6 in the regulation of Golgi structure and retrograde 
transport. 

Methods to Study Spatio-temporal Signaling 
of Small GTPases 

Biochemical approaches. Initially, the activation of small 
GTPases was studied using biochemical approaches by perform- 
ing pull-down experiments. There, an effector fused typically 
to GST was used as a bait to bind the active form of the small 
GTPase of interest in a total cell lysate. This method was first 
developed for Ras 89 and subsequently adapted for almost all other 
small GTPases. These experiments proved to be very valuable 
for initially characterizing the temporal activation patterns of 
small GTPases. However, biochemical approaches fail to provide 
insight into spatial activation pattern of small GTPases. Another 
problem with certain types of GTPases was the small pool of the 
active form. For instance, in the case of Rho GTPases, even the 
most potent stimuli will activate, on average 5%, of the total pool 
of Rho GTPases in the cell. 18 Thus, changes might not become 
visible due to a poor signal to noise ratio. Therefore, there was a 
need to develop novel approaches to study small GTPases. 

Overexpression of small GTPases. As evident from the sec- 
tions above, the spatial aspect of signaling has to be taken into 
account in order to fully understand how a signaling pathway 
works. Given that pull-down approaches are not useful for this 
purpose, a specific small GTPase can be visualized in the cell 
by expressing a fluorescently tagged version of it. However, 
overexpression of a small GTPase might lead to erratic results 
that have to be treated with caution. This is, for instance, 
important for Rho family GTPases, which are usually bound 
to Rho-GDI proteins in the inactive state. Overexpression 
of a Rho GTPase will over-saturate the GDI binding capac- 
ity and thus the overexpressed protein will more likely to be 
found in its active. In addition, by out-competing other Rho 



family members, additional erratic results might occur. 90 
Furthermore, to study the regulation of a small GTPase, it can 
be useful to overexpress one of its regulators (GEFs and GAPs) 
to see where it localizes. A problem occurring when overex- 
pressing a GEF or a GAP is that this overexpressed regulatory 
protein will overwhelm all the other endogenous regulators, 
thus creating an environment that could be not representative 
of the physiological situation. 

Fluorescent biosensors, simple overexpression of fluorescently 
tagged GTPases, or of their regulators, does not appear to be the 
best method of choice. Thus, the development of reporters that 
visualize the sub-cellular location of the active form of the small 
GTPase is certainly a promising alternative. The simplest form 
of this reporter contains a GTPase effector domain coupled to 
a fluorescent molecule. This reporter will only be enriched at a 
certain cellular location when the GTPase is in its active form 
(Fig. 2A). This approach has, for instance, been used to visual- 
ize compartmentalized Ras signaling. 7 Overexpression of such a 
reporter can lead to further problems. In the case of Ras, it can 
induce apoptosis by sequestering and blocking the endogenous 
Ras signaling. 91 This is typically counteracted by co-overexpress 
of the sensor together with a Ras protein. 

Other reporters are based on FRET and do not only report 
on the localization of a GTPase but also on its activation status. 18 
Some probes contain the GTPase plus an effector protein sand- 
wiched between two fluorescent proteins. In this case, activation 
of the GTPase will lead to an increase of FRET. Other probes 
contain an effector domain sandwiched between two fluorescent 
proteins in such a way that there is constitutive FRET. When an 
active GTPase encounters this probe it squeezes in, which leads 
to a loss of FRET (Fig. 2B and C). For a more detailed review on 
these and other reporters, the reader is referred to another recently 
published review in reference 18. The use of these reporters has 
provided valuable insight into spatio-temporal small GTPase sig- 
naling. However, the results obtained with probes for Rho fam- 
ily members have to be taken with caution for the same reason 
mentioned above, namely that some of these reporters contain 
a full length small GTPase that is not subject to regulation by 
Rho-GDI. Therefore, a major improvement would be to design 
probes that are regulated by Rho-GDI in order to perform exper- 
iments that are closer to the physiologic situation. Further room 
for improvement would be to modulate the backbone of these 
probes to enhance the efficiency of FRET, and such an attempt 
has been published recently in reference 92. 

As discussed above, there are numerous examples for cross- 
talk between GTPases, but little attention has been given to the 
spatial aspect of this crosstalk. Studying crosstalk requires meth- 
ods to visualize protein-protein interactions. FRET provides a 
method to visualize protein-protein interactions in living cells. 

Protein complementation, a method to study interactions of 
proteins, and therefore crosstalk, is the protein complementation 
assay (PCA). As illustrated in Figure 2D, two proteins are fused 
to severed fragments of YFP. Interaction of these proteins will 
lead to a complementation of the two halves of YFP, which can 
be then detected microscopically. YFP-PCA can then be com- 
bined with FRET in order to detect a ternary complex (Fig. 2E). 



86 



Small GTPases 



Volume 3 Issue 2 



B 



BD 



GTPase 




Stimulus that 
activates GTPase 



:tiv^ti 





GTPase 




BD 






— 





BD 



GTPase 




Protl 



Prot2 



YFP 



Protl 




Prot2 






Figure 2. (A) YFP fused to a binding domain (BD) that recognizes an active GTPase. Because of the binding domain, if taken from an effector of a small 
GTPase, this reporter will specifically bind a certain type of GTPase. (B) BD sandwiched between CFP and YFP, which exhibit FRET because they are in 
close proximity. An incoming active GTPase squeezes in to bind to BD and displaces CFP and YFP, which leads to loss of FRET. (C) the GTPase and a BD 
from its effector are sandwiched between CFP and YFP. Activation of the GTPase will lead to binding of BD to the active GTPase which leads to closure 
of the reporter which allows FRET between CFP and YFP. (D) two proteins (Protl & 2) are fused to two severed halves of YFP (YFP-C and YFP-N). Interac- 
tion of the two proteins will lead to complementation of YFP, which starts to fluoresce. (E) the interaction of two proteins is detected via YFP comple- 
mentation. A third protein (Prot3) also joins the complex and this is visualized by FRET between CFP and YFP. (F) the interaction of two proteins (Prot 
3&4) is detected via YFP complementation. The interaction of two further proteins (Prot 3 &4) is detected via complementation of two severed halves 
of renilla luciferase (REN). The formation of a tetrameric complex is visualized by BRET. 



Complementation may also be performed using severed halves 
of luciferase. Interaction between luciferase and YFP can be 
detected using BRET (bioluminescence resonance energy trans- 
fer) . This allows, in principle, to detect a tetrameric complex (Fig. 
2F). Another advantage of the YFP-PCA system is that it can be 
used to screen for interaction partners. 93 ' 94 Complementation of 
the YFP protein is irreversible and therefore, once a complex has 
formed it will not dissociate. This is, on one hand, an advan- 
tage as it visualizes weak and transient interactions. On the other 
hand, irreversible linking of two proteins is also often consid- 
ered a disadvantage, as it does not allow the examination of the 



dynamics of a system. In contrast to YFP-PCA, complementation 
of luciferase is reversible and allows us to study the dynamics of 
a system. A disadvantage is that it does not easily allow visualiza- 
tion of the subcellular location of this interaction. Thus, ideally, 
complementation of YFP and luciferase should be done in paral- 
lel. For a more detailed review about protein complementation, 
the reader is referred to other recent reviews in reference 95. 

Overall, with all these methods in hand (together with neces- 
sary improvements), we will be able in the future to not only bet- 
ter characterize old interactions, but also uncover new signaling 
crosstalk at different subcellular locations. 
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Concluding Remarks 

Most attention in past decades of research has focused on the 
temporal regulation of signaling. However, the spatial regulation 
is increasingly recognized to contribute immensely to the out- 
come of signaling. Thus, a major task for the future is to dissect 
the anatomy of small GTPase crosstalk in time and space. This 
requires a stronger awareness of the importance of the spatial 
aspect when studying signaling. In addition, an improvement of 
the available tools will certainly facilitate progress in this field 
as well as yield data that better reflect the physiologic situation. 
It is becoming increasingly appreciated that the control of cell 
fate and various homeostatic and pathologic processes cannot 



be understood by focusing on single signaling pathways, but 
it is rather the result of crosstalk between signaling pathways. 
Moreover, crosstalk has to be studied with a special attention to 
where it occurs in the cell. With this review, we hope to have 
increased the awareness of the importance of crosstalk between 
small GTPases. We have focused this review on crosstalk at 
the Golgi, but we emphasize that in the future there will be an 
increasing need to compare signaling crosstalk between differ- 
ent locations. It is conceivable that the development of improved 
therapeutic strategies for many pathologic conditions, like cancer 
and its metastatic spreading, will be facilitated by the dissection 
of signaling networks in time and space and by understanding 
their biological impacts. 
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